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a b s t r a c t
We investigate swelling induced pattern transformation of pH-sensitive hydrogel
membranesmade of poly(2-hydroxyethylmethacrylate)-co-poly(acrylic acid) (PHEMA-co-
PAA) with periodic pores in both square and oblique arrays. The hydrogel membranes are
fabricated by replica molding from a poly(dimethylsiloxane) (PDMS) mold with square
arrayed pillars, or from the same mold that is mechanically pre-stretched at a very small
strain (5%) at different angles (15°, 30°, 45°, 60°, and 75°) relative to the lattice axis. When
swollen in different pH buffer solutions, the membrane undergoes buckling of pores to
slits at pH 3 (achiral, swelling ratio ∼2.0) to onset of symmetry breaking of slits at pH 4.7
(swelling ratio∼2.3), to the formation of twisted, ‘‘S’’ shaped slits at pH 6.4 (chiral, swelling
ratio ∼5.8). While swelling of the square array hydrogel membranes leads to ∼50/50
mixture of right- and left-handed chiral structures, predominant single handedness with
enantiomeric excess fraction>95% (i.e. the absolute difference between the mole fraction
of each enantiomer) is obtained from the oblique array of porous membranes. Single left-
handedness is obtained from the ones with low pre-stretching angles (15° and 30°), while
nearly exclusive right-handedness is obtained from the ones with larger pre-stretching
angles (60° and 75°).
© 2015 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Y-1. Introduction
Mechanical instabilities in soft materials, including
dewetting, [1] swelling, [2] crumpling, [3] wrinkling, [4]
and buckling, [5] are often accompanied with large defor-
mation and shape change in response to relatively small
external perturbations, thus, providing new opportunities
to design reconfigurablematerialswith dramatic change of
physical properties. Recently, we and others have demon-
strated spontaneous pattern transformation in periodic
porousmembranes triggered by swelling, drying, polymer-
ization and mechanical compression together with shape
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sulting photonic [20,21] and phononic bandgap proper-
ties, and mechanical behaviors (e.g. negative Poisson’s ra-
tio [12,16]) are significantly altered due to the simultane-
ous change of lattice symmetry, pore size or shape, and the
volume filling fraction.
It is known that the choice of solvent and elastic-
ity of the polymer together with geometric cues of the
patterns, including pore size, spacing, and arrangement,
will determine the volume change and the buckling be-
havior of the membrane, and thus, the emergent pat-
terns. As a three-dimensional (3D) hydrophilic network
of polymers, hydrogels offer a unique system to study
swelling induced pattern transformation and morphology
evolution: the degree of swelling can be fine-tuned, and
the structural evolution upon swelling in different en-
vironment can be locked and visualized [22]. Recently,
we report the swelling-induced buckling instability and
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
50 B. Cao et al. / Extreme Mechanics Letters 7 (2016) 49–54Fig. 1. Schematic illustration of replica molding of a hydrogel membrane from a stretched PDMS pillar array. θ is defined as the stretching angle with
respect to the y-axis of the lattice.the corresponding post-buckling behaviors in the pH
and temperature dual-responsive poly(2-hydroxyethyl
methacrylate-co-N-isopropylacrylamide-co-acrylic acid)
(PHEMA-co-PNIPAAm-co-PAA) hydrogel membranes of
micron sized pores in a square array [22]. When pH was
increased from 2 to 7, we observed four distinctive mor-
phologies, including breathing mode of the membrane
having circular pore arrays, buckled pore arrays of alternat-
ing mutually orthogonal ellipses, twisted snap-shut pores
to form ‘‘S’’ shaped slits, and cavitation formation at local
regions that perturbed the 2D periodicity of the hydrogel
membrane. Importantly, we observed a symmetry break-
ing transition between the buckled state (pH 4, achiral)
and the twisted state (pH 5, chiral), where the latter exhib-
ited mixed domains of right- and left-handed (RH and LH)
chiral structureswith randomphase boundaries. However,
little is known about buckling induced symmetry breaking
mechanism.
Understanding of the spontaneous generation of chiral
structures from achiral ones could offer an important
geometric cue of the origin of single-handed chirality
found in nature, such as seashells, pine tree cones and
sunflower seeds, [23,24] which is often driven by the
instability and geometric packing constrains. Meanwhile,
chirality is of interests for many technological applications
including optical devices, [25] sensors, [26] medicine, [27]
catalysis, [27,28] and advanced structural components
[29,30] The immediate question is whether we can
control the pattern transformation to create single-
handed chirality over the entire film. Previously, we
have demonstrated that the pattern evolution process
of hydrogel membrane upon swelling can be directly
visualized by immersing the pH responsive hydrogel at
different pH buffer solution, that controls the degree of
swelling of the hydrogel.
Here, using the same type of hydrogel membranes
we investigated how a small bias introduced to the
initial square arrays of periodic structures could affect
the transformation of the hydrogel membrane to a single-
handed chiral, twisted structure. In turn, this could offer
important cues of structural reconfiguration in the nature,
where the initial structures could be imperfect or distorted.
In our model system, the bias was introduced by pre-
stretching the PDMS pillars in a square array with a verysmall strain (5%) but at different angles against the y-axis
of the lattice, 15°, 30°, 45°, 60°, and 75°, respectively (see
Fig. 1). After replica molding to the hydrogel precursor,
we obtained oblique lattices of micro-pore arrays of
pH sensitive PHEMA-co-PAA hydrogel membranes to
investigate the structural evolution upon swelling at
different pH values. We observed three states from the
swollen hydrogel membranes, including the buckled state
at pH 3, the transition state at pH 4.7, and the chiral twisted
state at pH 6. While swelling of the hydrogel membranes
obtained from the un-stretched PDMSmold typically led to
∼50/50 mixture of right- and left-handed chiral twisted
slits, predominant single handedness with enantiomeric
excess fraction>95% (i.e. absolute difference between the
mole fraction of each enantiomer) was obtained from the
oblique array of porousmembranes, depending on the pre-
stretching angle in the PDMSmold. Single left-handedness
was obtained from the oneswith lowpre-stretching angles
(15° and 30°), while nearly exclusive right-handedness
was obtained from the ones with larger pre-stretching
angles (60° and 75°).
2. Experimental
Fabrication of the hydrogel membranes. The hydrogel mem-
braneswere replicamolded from a poly(dimethylsiloxane)
(PDMS) mold with or without stretching following the
procedure in literature [31]. To prepare the hydrogel
precursor, 200 µL acrylic acid (AA, Sigma–Aldrich), 2
mL 2-hydroxyethyl methacrylate (HEMA, Sigma–Aldrich)
(HEMA/AA = 78/14 mol/mol), and 30 µL of Darocur
1173 (Ciba Specialty Chemicals) as a photoinitiator were
mixed in a vial and ultrasonicated for 30 min. The mix-
ture was then exposed to UV light (365 nm, 97435 Oriel
Flood Exposure Source, Newport Corp.) three times at a
dosage of 200mJ/cm2 each time. Next, an additional 20µL
Darocur 1173 and 40 µL ethylene glycol dimethacrylate
(EGDMA, Sigma–Aldrich) as a crosslinker were added into
the mixture to form the hydrogel precursor for mold-
ing. The PDMS mold consisting of a square arrayed mi-
cropillars (diameter = 10 µm, pitch = 15 µm, and
height = 20 µm) was fabricated by replicating the epoxy
master from Sylgard 184 kit from Dow Corning (prepoly-
mer to crosslinker weight ratio = 10/1) and cured at
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by acetone, followed by oxygen plasma (Harrick Expanded
Plasma Cleaner & Plasma-FloTM) for 30–40 min. They were
then treated by 3-(trimethoxysilyl) propyl methacrylate
(TMS, Sigma–Aldrich) via vapor deposition for at least 2 h
in a vacuumchamber to increase the adhesion between the
substrate and the hydrogel membrane. 10 µL of the afore-
mentioned hydrogel precursor was cast on a treated glass
slide, and then a PDMS mold was placed on the top of it. A
slight force was applied on the PDMSmold to ensure close
contact with the precursor. The hydrogel precursor was in-
filtrated into the PDMSmold by capillarity, followed by UV
curing at a dosage of 2 J/cm2. Finally, the hydrogel mem-
brane was obtained after peeling off the PDMS mold.
To introduce bias of the arrangement of the pore ar-
rays in the hydrogel membranes, the PDMS mold was pre-
stretched with a small strain of 5% with a homemade
stretching device at various angles (θ , 15°, 30°, 45°, 60°,
75°), denoted as θ15, θ30, θ45, θ60, θ75, respectively, before
replica molded into hydrogel (see Fig. 1). Thus, the square
array of the porous membrane (non-stretched) was dis-
torted to oblique arrayswhile the pore shape remained cir-
cular due to the small strain applied to the pillar arrays.
For replica molding of pre-stretched pillar to the hydro-
gel membrane, 10 µL hydrogel precursor was spread over
the PDMS mold, and then another TMS treated glass slide
was placed on top of the hydrogel precursor, followed by
2 J/cm2 UV exposure to cure the hydrogel precursor.
Characterization. The swelling ratio of PHEMA-co-PAA hy-
drogel at different pHvalueswasmeasured from swelling a
single hexagon-shaped hydrogel micropillar (each side =
30 µm, height = 60 µm) in different pH buffer solutions
(2, 3, 4, 4.3, 4.7, 5, 5.3, 5.7, 6, 6.4, and 7). The diagonal length
(Ld) of the hexagon was measured under an optical micro-
scope (Olympus BX61 motorized microscope) before and
after swelling of 2 min. The volumetric swelling ratio was
calculated asQv = (Ld/Ls)3, where Ls is the diagonal length
of the hexagon post after swelling (see Fig. S1).
To better observe the pattern transformation of the
hydrogel membranes at different pH under the optical
microscope in the fluorescent mode, rhodamine B (RB,
Sigma–Aldrich) was introduced in the hydrogel mem-
branes. First, the hydrogel membranes were immersed
in DI water overnight to remove the uncrosslinked
monomers. The hydrogel membranes were taken out and
0.05 wt% of rhodamine-B aqueous solution was dropped
onto the membranes and kept for 2h. The dyed samples
were rinsed by DI water before dropping into buffer solu-
tions with different pH values. In addition to optical im-
ages, scanning electron microscopy (SEM, FEI Quanta FEG
ESEMand FEI Strata DB235)was utilized to image hydrogel
membranes in the dry state.
3. Results and discussion
Since the emergent pattern is determined by the origi-
nal structures, to control structural evolution of the hydro-
gel membrane to reach twisted state with single-handed
chirality, we decided to break the symmetry of the original
hydrogel membrane. To do so, we molded hydrogel mem-
branes from pre-stretched PDMS molds at an angle of 15°,30°, 45°, 60°, 75°, respectively, relative to the y-axis of the
lattice while keeping the strain very small (5%) (see exper-
imental section and Fig. 1). The choice of 5% pre-stretching
strain here is to minimize the distortion of initial circu-
lar pore shape. The square array of micropillars was dis-
located into oblique lattices (Fig. 2(a)) with lattice param-
eters shown in Fig. 2(b). We note that as the application of
a small strain to the PDMS pillar structure, the deforma-
tion mainly was distributed across the bulk layer of PDMS
underneath the micropillars arrays, thus the shape of the
pillars (and the replicated pores) remained circular as seen
in the SEM images of the hydrogel porous membrane from
PDMS pillar arrays without stretching, stretching at θ75,
and stretching at θ15 respectively, shown in Fig. 2(c)–(e).
Previously, on PHEMA-co-PNIPAAm-co-PAA hydrogel
membranes with square arrays of circular pores, we ob-
served that amplification of buckled hydrogel membrane
led to the transition from an achiral buckled state to a chi-
ral twisted state driven by the compaction of the hydrogel
domains within confined space as swelling ratio of the hy-
drogel membrane was increased [22]. Here, we first repro-
duced the same structural evolution as pH increased from3
to 6.4 (Fig. 3(a)).We also captured the intermediate state at
pH 4.7, where the deformation to the hydrogel membrane
was accentuated during transition, which caused the cir-
cular pores being largely compressed to form an ‘‘8’’ shape,
where the joints in the opposite side of the pore started to
touch against each other. Further swelling intensified the
compression at the touching joints, and triggered symme-
try breaking at pH6.4 as shown at the unit cell level. During
this symmetry breaking process, the increased swelling of
the hydrogel membrane was compensated by rotating all
the hydrogel domains in the same direction (indicated by
the solid arrows, Fig. 3(a)). By having such reorientation of
the surface structure, the two touching joints were able to
slide against each other, which relieved the compression
forces between the touching joints. There are two possibil-
ities of the symmetry breaking process: clockwise or coun-
terclockwise rotations, leading to the coexistence of right-
handed and left-handed chirality of the twisted pattern.
Meanwhile, symmetry breaking could start from different
nucleation sites and propagate, leading to the formation of
phase boundaries (dashed line in Fig. 3(a) pH 6.4) where
two independently evolved regimes of opposite handed-
ness meet with each other.
The pattern evolution behaviors were completely
different for the biased hydrogel membranes, where the
touching inter-pore ligaments during transition were
dislocated relative to each other due to the pre-applied
strain field across the membrane. Fig. 3(b)–(d) show three
distinctive scenarios of how the pre-stretching can affect
the symmetry breaking of the structural evolution of
the hydrogel membranes. When the pre-stretching angle
was less than 45°, the off-set between the two inter-
pore ligaments in the vertical slits (see the distance
between two red arrows in Fig. 3(b) at pH 5.3) was
found larger than the off-set between the two inter-
pore ligaments in the horizontal slits (see the distance
between two orange arrows in Fig. 3(b) at pH 5.3). As
the sliding between two touching joints occured after
further swelling, the counterclockwise rotation of the
52 B. Cao et al. / Extreme Mechanics Letters 7 (2016) 49–54Fig. 2. (a) Schematic illustration of the oblique arrays of hydrogel membrane generated from replica molding of a pre-stretched PDMS pillar array.
(b) Table of the lattice parameters in oblique arrays of hydrogel membranes. (c)–(e) SEM images of hydrogel membranes of square array (c), and oblique
arrays of micro-pores at θ15 (d) and θ75 (e), respectively. Inset: higher magnification of the pores.Fig. 3. Optical microscopy images showing structural evolution of the hydrogel membranes with square array (a) and oblique arrays formed by stretching
the PDMS pillar arrays at different angles, including 15° (b), 75° (c), and 45° (d) swollen at different pH values: pH 3, the buckled state; pH 4.7, the transition
state, and pH 6.4, the twisted state. The insets for pH 4.7 show the relative positions of the touching inter-pore ligaments before transition to the twisted
state: the arrows are pointed to the sharp folds on the buckled (orange — vertical slits, and red — horizontal slits). At pH 6.4, the inset shows the rotation
direction of the hydrogel domains after entering the twisted state (red — clockwise rotation, and orange — counterclockwise). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
B. Cao et al. / Extreme Mechanics Letters 7 (2016) 49–54 53Fig. 4. Fraction of enantiomeric excess obtained from swelling the square
array (non-stretched, N.S.) and oblique arrays of hydrogel membranes
with different pre-stretching angles.
hydrogel domains became preferred attributed to the
offset between two ligaments in the vertical slits. Thus,
it is expected that the clockwise rotation of the hydrogel
domains will experience the higher elastic energy barrier.
When the pre-stretching angle is greater than 45°, the off-
set between the two inter-pore ligaments in the horizontal
slits becomes larger, thus favoring the clockwise rotation
of the hydrogel domains. When the pre-stretching angle
was set at 45°, almost the same magnitude of the off-
set was observed on the horizontal and vertical slits (see
distance indicated between the two orange arrows in
Fig. 3(d)). As a result, there was no preference of the
direction of rotating the hydrogel domains. Compared to
the non-stretched samples, however, we did not observe
two separatedphases of hydrogel domain rotation. Instead,
each individual hydrogel domains was distorted randomly
(see Fig. 3(d) at pH 6.4). This is possibly due to the existing
of significant energy barriers to reach either of the twisted
states requiring either clockwise or counterclockwise
rotations of the hydrogel domains.
To further confirm the small bias-induced preference
of the hydrogel domain rotation, we sampled randomly
over 500 domains from each sample to evaluate the overall
chirality of the sample. In Fig. 4, we show the fraction of
enantiomeric excess (E) samples (i.e. absolute difference
between the mole fraction of each enantiomer) from thesquare array and oblique arrays of pores obtained from
different pre-stretching angles, θ15, θ30, θ45, θ60, and θ75. It
is clear that once there is a preference of rotation induced
from the biased arrangement of pore arrays, single-handed
chirality is achieved (E > 95%). It is also worth noting that
the buckling process and the symmetry breaking process
(i.e. post-buckling deformation) of the hydrogelmembrane
are two separated processes [22]. Despite of the phase
boundary formation (i.e. irregularly deformedmicro-pores
between two separated buckled phases [19]) occurred in
the buckling process (Fig. 5(a)), the single handedness of
the twisted statewasmaintainedonboth sides of the phase
boundary (indicated by the white dashed line, Fig. 5(b)),
further confirming the robustness of the bias induced
single chirality.
4. Conclusion
In summary, we investigated how a small bias applied
to the initial square array of a porous membrane could af-
fect the overall chiral transformation of the hydrogelmem-
brane. The distortion to the arrangement of the square
array of micro-pores was achieved by replicating a pre-
stretched PDMS pillars in a square array with 5% strain at
different stretching angles (θ = 15°, 30°, 45°, 60°, 75°).
The chirality of the twisted pores was strongly affected
by the small bias due to the preference of hydrogel do-
main rotation during transition from buckled state to the
twisted state. The selectivity of the handedness of the chi-
ral structures was determined by the pre-stretching an-
gle. When the stretching angle was smaller than 45° (15°
and 30°), the hydrogel domains preferred to rotate coun-
terclockwise, forming the left handed structures in twisted
state. While the membranes replicated from PDMS mold
with the stretching angle larger than 45° (e.g., 60° and 75°)
would rotate in the opposite direction and transform to
the right handed structure. For non-biased square arrays
of micro-pores, approximately 50/50 left handed and right
handed twisted structures were observed. For oblique ar-
rays of circular pores obtained from 45° stretching angle,
the individual hydrogel domains was found to be distortedFig. 5. Optical microscopy images of the pre-stretched hydrogel membrane at θ15 . (a) At pH 3, and (b) at pH 6.4. After further increasing the swelling
ratio, irregular deformation occurs near the defects (i.e. phase boundary) formed during the initial buckling of the hydrogel membrane (surrounded by
the red box). The orange arrows indicate the counterclockwise rotation of the hydrogel domains at both sides of the boundaries. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
54 B. Cao et al. / Extreme Mechanics Letters 7 (2016) 49–54randomly, rather than forming separated phases. Here, we
suggest a robust method to generate single chiral struc-
tures by introducing diminutive strain distribution differ-
ence during hydrogel membrane fabrication. It will offer
insights of the origin of the single chirality in nature due
to physical constraints. The easily fabricated membranes
with single chirality have potential applications in chi-
ral molecule separation/sensing, polarized optical devices,
and chiral mechanical metamaterials. Further investiga-
tion of the phenomenon by developingmechanical models
associated to the symmetry breaking process is under way
to better understand the origin of single chirality driven by
mechanical deformations.
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